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A WIDE-RANGE MULTI-INPUT PULSE HEIGHT RECORDING SysTem'

Russ Humphreys
Department of Physics and Astronomy
Louisiana State University, Baton Rouge, Louisiana

ABSTRACT

This paper describes a system which can photographi-
cally record with one dual-beam oscilloscope the ampli-
tudes of 10 simultaneous photomultiplier pulses over a

four-decade dynamic range with an accuracy of + 1.5%

over the entire range. The signal processing time is 2.2 usec

The basic circuit is a logarithmic pulse-height-to-
time converter with two triggering levels, requiring

twelve transistors per input channel. The dynamic range

of the device could be easily extended to six decades,

and the two-level technique can be applied to digitalized
recording systems and pulse height analyzers. The circuit
has been built and has been found to meet the above speci-

fications over a temperature range from 0° F to 100° F.
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INTRODUCTION

For a cosmic ray experiment], it was found necessary to have
a data-gathering system which would record the heights of many si-
multaneous photomultiplier tube pulses whose amplitudes could dif-
fer by as much as a factor of 10*. It was desired that the re-
cording process be finished within 2 usec after the initiation of
+the pulses in order to avoid interference from a gubsequent high-
voltage transient generated elsewhere by the experimental apparatus.
The expected event rate is low --- about one per day --- so the
data can be recorded in an analogue form on oscilloscope photographs,
rather than in a digital form., VYet an accuracy of at least a few
percent over the entire range of amplitudes was desired.

There ekist at least two other wide-range'recording systemsz’3
--- both for cosmic ray experiments --- but they have signal proces-
sing times of the order of 100 useconds. One system requires many
oscilloscopes, while the other requires at least 27 transistors
per input channel and has only 10% accuraéy.

The technique chosen here is a modification of the logarithmic
pu]se-Height-to-time converters used in some analyzers., In those
analyzers, the input pulse is admitted through a linear gate and
charges a capacitor, The gate is then closed and the capacitor
discharges slowly into a level-detector circuit., The decay time
constant is usually of the order of milliseconds. In the meantime,
a clock oscillator has begun to send pulses to a digital counter,

which is started at the instant the capacitor is charged. At the



instant the capacitor voltage decays be]bw some preset trigger
voltage, the level detector cuts off the clock oscillator. The
counter will then register a time which is proportional to the
logarithm of the initial voltage to which the capacitor was charged.
Some shortcomings of that system are: (1) wide-range linear gates
are difficult to build, (2) large pulses require a long time to be
processed, and (3) the accuracy begins to suffer when the pulse
height gets over 100 times higher than the triggering level. These

factors limit the range of pulse heights which can be recorded in

a short time with reasonable acc
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The system described here overcomes the dynamic range limita-
‘tion by using several triggering levels which differ by several
orders of magnitude. The system uses no linear gates or storage
capacitors, Instead, the photomultiplier pulses are applied di-

rectly and simultaneousiy to high- and low-level triggers.
CTHOD OF OPERATION

The system makes use of the purely exponential shape of pho-
tomultipliier pu]ses.' By varying the anode resistance and capaci-
tance at each photomultiplier, the decay time constant of the .
pulses is preadjusted to be 432 nsec. MWhen an event occurs, two
things happen: a coincidence circuit triggers an oscilloscope
sweep, and pulses appear simultaneously on the anodes of each pho-

tomultiplier and start to decay. In our particular experiment, we



have 20 photomultipliers from which 10 pulses are derived by
means of passive mixer circuits. The resulting 10 exponentially-
decaying voltages go to 10 two-Tevel pulse-height-to-time con-
verters. (See the system diagram in Fig. 1.)

Each converter consists of two level-detectors (tunnel diode
Schmitt triggérs) whose sole duty is to emit a short time marker
pulse (10 nsec wide) whenever the input voltage falls below a pre-
set level. The upper threshold is 200 mV, and the lower threshold
is 2 mV. The input pulse is applied simultaneously to both de-
tectors with one of the three following results:

(1) If the initial amplitude is less than 3 mV, neither

detector emits a time marker pulse.

(2) If the initial amplitude is greater than 3 mV but less

than 300 mV, the low-level detector will emit a spike at the

instant the input voitage decays below 2 mV. The high-level
detector will not be triggered.

(3) If the pulse height exceeds 300 mV, both.detectors will

emit spikes. Firs® the high-level detector is triggered when

the input voltage decays through 200 mV, Next the low-level
trigger emits a spike when the voltage has decayed through

2 mV, The high- and low-level spikes will always be separated

by a fixed interval --- in this case, 2.0 usec,

Figure 2 illustrates the relevant quantities.

The length of time between the beginning of the event and



the occurrence of the spikes will be directly proportional to the

natural logarithm of the initial pulse height:

(th - tp) = time from start of event to high-level spike

432']°ge(E/200) nsec.

(pﬂ - tg) time from start of event to low-level spike

432 Tog,(E/2) nsec.

where E is the initial amplitude of the pulse in mV. Therefore,
the occurrence time of a spike is a measure of the initial pulse

height, which can be computed as follows:

E

200 exp[(t, - tg)/432] mV;

E

2 exp[(?a - tp)/432] mv,

where the time intervals are in nanoseconds.

The high-level spike is positive and the low-level spike is
negative, Both of these spikes go the the output of each converter.
A dual-beam oscilloscope displays the spikes from all 10 converters,
5 on each beam. The heights of the spikes on the oscilloscope
screen are coded so that one can distinguish the spike from one in-
put channel from that of another. A spike from channel 1 is 1/4 cm
high, positive or negative; from channel 2, 1/2 cm high, posjtive
or negative; and so forth.

If the oscilloscope trace were exactly 2.0 usec in length,

only one spike from each channel would appear on the trace. (Because



if the high-level spike were on the trace, the low-level spike fol-
lowing 2.0 usec behind the first would be off the trace.) So only
five spikes would appear on a trace. However, the trace width to
be used in this experiment is 2.2 usec in order that there be
suitable overlapping between upper and lower levels. Thus, in a
few cases there may be more than five spikes per trace. Since the
spikes are narrow compared to the trace width, they will rarely
coincide; and when they do, the information will still be recover-
able.

Figure 3 shows a typical oscilloscope display. The polarity
of each spike indicates the level triggered, the height of each
spike tells which input channel it represents, and the occurrence
time of each spike (relative to a dot marking t,) is a measure of
the pulse height in the corresponding input channel. The re-
cording process is compieted by photographing the display.

The triggering levels, decay time, and trace width selected
give a minimum recordable pulse height of 3 mV and a maximum of

32 V. That is, the dynamic range is more than 4 decades, or 80 db,

CIRCUITRY DETAILS

Each two-level converter is hardly more than three X10 ampli-
fiers in series and two tunnel diode Schmitt triggers. (See Figs. 4

and 5.)



The amplifiers are essentially grounded-base amplifiers with
heavy feedback and heavy biasing. The input and output of each
stage is negative-going. Each stage is (unnecessarily) linear up
to an input voitage of 400 mV, where the ampliifiers saturate4. The
impedence of the converter input is constant (about 50 ohms) up to
an input amplitude of 5 V, at which point it drops sharply. This re-
sults in an apparent clipping of all pulses at the 5 V level. The
clipping does not matter in operation, but it makes calibration
more difficult by requiring an isolation emitter-follower for pulses
greater than 5 V.

The rather Targe 120 uf capacitors between stages insure that
the exponential bu]se will not be quasi-differentiated, so that the
circuit response will be purely logarithmic, This makes the ampli-
fiers prone to oscillate at a low frequency unless care is taken'in
constructing the circuitry and in providing supply voltage fil-
tering. Used to achieve this were ground-plane construction, sub-
minax cable, shielded sections, and filtering with zeners and tan-
talum capacitors. (See the photograph in Fig. 6.)

The tunnel diodes in their quiescent state are forward biased
well into the diode region, at point A in Fig. 8. A‘negative pulse
exceeding 3.0 V sweeps the diode to point B, where it conducts
heavily. During the pulse decay the operating point moves toward
point C. When the input voltage decays through 2.0 V, the diode

snaps off from point C to point D, causing a 300 mV step in the



voltage acrosS the diode. (The threshold voltages can be adjusted
with the biasing potentiometers, Rz and R,.) The rise time of the
voltage across the’diode is limited by the capacitance to ground
at that point; so the cifcuit construction should minimize stray
capacitance across the tunnel diodes.

The differentiators Rlcland.R;CZ extract a positive spike
from the positive-going edge of the tunnel diode pulse, The spike
from the high-Tlevel trigger goes directly to the output; the low-
level spike is first inverted and then sent to the output. The
amplitude of both spikes is about 200 mV,

Passive mixer circuits then combine the spikes into two
groups of five, and attenuate them according.to their channel of
origin. The spikes drive two fast linear amplifiers, which in
turn drive the inputs of a Fairchild 777 dual beam 100 MHz oscil-

loscope.

PERFORMANCE AND ACCURACY

Figure 9 shows the actual calibration curve of a typical unit
at 68° F. The decay time of the photomultiplier pulse determines
the slope of each line; ﬁhe Schmitt trigger thresholds determine
the intercepts. The time constant in this case was in somewhat
less than 430 nsec, and the two thresholds were 1.90 mV and 210 mV.
Note that no spike could appear before 120 nsec had passed because

of the tunnel diode hysteresis. The operating range of amplitudes



was 2,80 mV to 35 mV.

The two factors which Timit the circuit accuracy in practice
are:

(1) Phototube noise pulses which occur during the 2 usec

processing time or a few microseconds before the event,.

(2) The precision with which one can measure the occurrence

time of a spike from a photograph.

The error due to phototube noise will be small Qhenever the
signal is higher than the average noise pulse, and in our appli-
cation the signal levels are so high that this error is completely
negligible’.

The re]ativé error in the pulse height E due to the errors
A(th - ty) in measurement of the time interval (th - to) is ap-
proximately [A(th - t4)]1/7(432 nsec).

The same relation applies to the lower level. The percentage er-
ror is independent of pulse height, and it depends only on the
size of the time error as compared to the decay constant of the
pulse. A measure of the reading error A(th - tg) is the halfwidth
at half-maximum of the output pulses, i.e., 5 nsec. The cor-
responding percentage error is + 1.2%.

Temperature variation and internal circuft noisé contribute
less error than the reading error. The low-level pulse has some

time jitter due to amplifier noise. This jitter is about + 2 nsec

(+ 0.5%)., The high-level pulse has no measureable jitter. The
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circuit‘has been tested from 0° F to 100° F. The average tempera-
ture variation of a typical unit was + 0.05% per deg F for the low
level and - 0.01% per deg F for the high level. The largest tem-
perature error was 0.09% per deg F. Since we will control the cir-
cuit temperature to * 5° F, our error due to temperature variations
will be less than * 0.5%. The rms value of all these errors (ther-
mal, noise jitter, and measurement errors) is 1.4%.

In summary, the circuit can handle input amplitudes from 3 mV
to 35 V, with the output representing the input to an accuracy of

about + 1.5% over the whole range of input amplitudes.

POSSIBLE IMPROVEMENTS

A new design incorporating the same principles should use a
more simple amp]if%er, one which is not as linear as the one de-
scribed here4. Also, each tunnel diode should drive an avalanche
transistor directly. This would eliminate the necessity for the
linear amplifiers which drive the oscilloscope, and it would pro-
vide narrower spikes.

Each level could cover three decades instead of two, or ad-
ditional levels with different coding could be used to increase
the dynamic range to six or seven decades. Multichannel analyzers
could use a linear decay with several (non-zero) triggering levels
to extend their range ahd accuracy. When inexpensive 100 MHz

-scalers become available the output could be easily digitalized.
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Because it selects amplitude ranges in’'a natural way, the

multilevel technique is applicable to a variety of experiments.
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FOOTNOTES AND REFERENCES

Supported by the National Aeronautics‘and Space Administration,
The experiment consists in part of a total absorption spectro-
meter designed to measure the energies of the primary particles
in individual ultra high energy interactions. Two problems often
arise in this type of experiment. One problem is.the dynamic
range, which must bé large because:

(a) the experiment must accept a wide range of primary energies,
and | -

(b) for a given primary energy, there can be large fluctuations

in the development of the electromagnetic cascade in the spectro-

meter,
A second problem is the large number of detectors --- from 10 to
20 --- whose outputs must be individually recordéd. The experi-

ment is part of a cosmic ray laboratory now being built at an al-
titude of 12,000 ft near C]imax, Colorado, by a group from Louisiana
State University headed by Professor R. W. Huggett.

N. L. Grigorov et.al., Pribory i Tekhnika Eksperimenta, No. 1,

pp. 100-106, Jan. Feb., 1966. Trans. by Instrument Society of

America under title Instruments and Experimental Techniques in
Sept. 1966, p. 102,

P. V. Ramana Murthy, B. V. Sreekantan, A. Subramanian, and S. D.

Verma, Nucl, Inst. & Methods 23, 245 (1963).
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Saturation of the amplifier does not matter, since the amplifiers
only chop off the top of the pulse at 4 V, whereas the triggers
operate at 2 V. That is, the voltage at the low-level trigger
decays through 2.0 V only a few nanoseconds after the instant that
the input has decayed through 2 mV --- regardless of saturation

at 4 V --- and this instant is all that the circuit is concerned
with. For this reason, the amplifiers do not have to be linear
over four decades. In fact, they do not have to be linear at all.
Consider the following example of the worst case: We had at one
time an uncooled 5 in photomultiplier (RCA 8055) 2 ft away from
the thin edge of a 1 inch thick plastic scintillator. With the
photomultipliier voltage at 1800 v, the average pulse height due

to minimum-ionizing muons passing through an area which was 2-3 ft
within the scintillator was about 65 mV. This is certainiy a
low-signal application, with at most about 100 photons hitting

the photocathode on the average. Yet the frequency of noise pulses
greater than 32 mV was about 1850 pulses per sec. That is, the
probability of a noise pulse greater than half the average signal
pulse height occurring in ény particular Ziysec interval is less
than 1/2%, even in this worst of cases. In our application the
light intensities will be from 102 to 106 times as high; so noise

is not a problem.
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CAPTIONS FOR FIGURES
Fig. 1. Block diagram of pulse height recording system.

Fig. 2. Relevant quantitieskin pulse-height-to-time conversion.
Upper graph shows typical input to a converter, superimposed on
the two triggering levels of the converter. E is initial ampli-
tude of pulse. Lower graph shows output of the converter. ¢,

is the starting time of event; th and ?l are the times that the

pulse decays through the upper and lower levels, respectively.

Fig. 3. Typical oscilloscope display of system output. Reference
dot marks start of event., Height of each spike identifies channel
of origin; polarity indicates whether high- or low-level; occur-

rence time indicates amplitude of corresponding input pulse.

Fig. 4. Block diagram of one of the two-level height-to-time con-

4verters.

Fig; 5. Circuit diagram of the two-level height-to-time converter,

The 120 uf, 15 uf, 6.8 uf, and 1.5 uf capacitors are tantalum electro-
lytics. C3,_Cq,v05 are Erie':001 uf feedthrough capacitors. The .01 uf,
.001 uf, and 390 pf capacitors are ceramic. All resistors are 1/4 watt
unless otherwise indicated. The 1% resistors are IRC CEM T-0 metal

film resistors. Q,, Q3, Qgqs..., Qg are 2N3905's; Q, is a 2N3250;

Qs Qigs Qi1» Qip are 2N708's; Dy, D,, D3, Dy are 1N47394 zener

diodes; Ds and Dg are 1N3712 tunnel diodes; D, and Dg are 1N914

ey it o e e
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diodes; Ti is an inverter transformer: 10 bifilar turns on a

Ferroxcube 1041T060/3E2A core. (Core is not critical.)

Fig. 6. Two-level converter module, and bin containing ten modules.

The high- and low-level triggers are at the lower and upper left,

respectively. The three amplifier stages are at the upper right-
hand side of the module. Note ground plane, printed circuit con-

struction, and interstage shielding.
Fig. 7. Output spike from converter. 10 nsec/cm,

Fig. 8. Voltage-versus-current characteristic of tunnel diode
level detector, showing sequence of operation., Point A is quiescent

state.

Fig. 9. Actual calibration curve of a typical converter module

at 68° F. Curves-at i00° F and 0° F do not differ enough to show

_'on‘gfaph.
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